Renal dopamine and nitric oxide contribute to natriuresis during high-salt intake which maintains sodium and blood pressure homeostasis. We wanted to determine whether concurrent inhibition of these natriuretic factors increases blood pressure during high-sodium intake. Male Sprague-Dawley rats were divided into the following groups: 1) vehicle (V)-tap water, 2) NaCl-1% NaCl drinking water, 3) 30 mM L-buthionine sulfoximine (BSO), an oxidant, 4) BSO plus NaCl, and 5) BSO plus NaCl with 1 mM tempol (antioxidant). Compared with V, NaCl intake for 10 days doubled sodium intake and increased urinary dopamine level but reduced urinary nitric oxide content. NaCl intake also reduced basal renal proximal tubular Na-K-ATPase activity with no effect on blood pressure. However, NaCl intake in BSO-treated rats failed to reduce basal Na-K-ATPase activity despite higher urinary dopamine levels. Also, dopamine failed to inhibit proximal tubular Na-K-ATPase activity and these rats exhibited reduced urinary nitric oxide levels and high blood pressure. Tempol supplementation in NaCl plus BSO-treated rats reduced blood pressure. BSO treatment alone did not affect the urinary nitric oxide and dopamine levels or blood pressure. However, dopamine failed to inhibit proximal tubular Na-K-ATPase activity in BSO-treated rats. BSO treatment also increased basal protein kinase C activity, D1 receptor serine phosphorylation, and oxidative markers like malondialdehyde and 8-isoprostane. We suggest that NaCl-mediated reduction in nitric oxide does not increase blood pressure due to activation of D1 receptor signaling. Conversely, oxidative stress-provoked inhibition of D1 receptor signaling fails to elevate blood pressure due to presence of normal nitric oxide. However, simultaneously decreasing nitric oxide levels with NaCl and inhibiting D1 receptor signaling with BSO elevated blood pressure. dopamine; G proteins; Na-K-ATPase; L-buthionine sulfoximine DOPAMINE ACTS as an intrarenal natriuretic factor and plays an important role in sodium homeostasis (28). The effects of dopamine are mediated through G protein-coupled receptors which are divided into two subfamilies, D 1 -like (D1 and D5) and D 2 -like (D2, D3, and D4) (28). The activation of D1 receptors via stimulation of adenylyl cyclase and phospholipase C inhibits Na-K-ATPase and Na/H exchanger 3, two transporters involved in sodium uptake in the renal proximal tubules (1, 15). During sodium-replete conditions, nearly 60% of sodium excreted is accounted for by the actions of newly synthesized renal dopamine (11, 20) . There is evidence that defect in D1 receptor signaling may be a contributing factor in salt-sensitive hypertension. As an example, the defect in D1 receptor signaling has been demonstrated in salt-sensitive hypertensive models such as Dahl salt-sensitive and spontaneously hypertensive rats (30, 37) . Although the mechanism for defective D1 receptor signaling is not clear, antioxidant treatment in animal studies has been reported to restore the D1 receptor function indicating that oxidative stress can lead to D1 receptor dysfunction (8, 27) . Another important regulator of sodium excretion is renal nitric oxide system. In animal models, the increase in blood pressure after salt loading is characterized by decrease in nitric oxide production (13, 35). Salt loading is also associated with decreased levels of nitric oxide metabolites in salt-sensitive humans (16). The mechanisms for this phenomenon are not known; however, Kitiyakara et al. (21) showed that high-salt intake increases generation of superoxide by enhancing the renal expression and activity of NAD(P)H oxidase with diminished renal expression of superoxide dismutase. The increased superoxide generation in renal cortex could cause bioinactivation of nitric oxide by its conversion to peroxynitrite.
DOPAMINE ACTS as an intrarenal natriuretic factor and plays an important role in sodium homeostasis (28) . The effects of dopamine are mediated through G protein-coupled receptors which are divided into two subfamilies, D 1 -like (D1 and D5) and D 2 -like (D2, D3, and D4) (28) . The activation of D1 receptors via stimulation of adenylyl cyclase and phospholipase C inhibits Na-K-ATPase and Na/H exchanger 3, two transporters involved in sodium uptake in the renal proximal tubules (1, 15) . During sodium-replete conditions, nearly 60% of sodium excreted is accounted for by the actions of newly synthesized renal dopamine (11, 20) . There is evidence that defect in D1 receptor signaling may be a contributing factor in salt-sensitive hypertension. As an example, the defect in D1 receptor signaling has been demonstrated in salt-sensitive hypertensive models such as Dahl salt-sensitive and spontaneously hypertensive rats (30, 37) . Although the mechanism for defective D1 receptor signaling is not clear, antioxidant treatment in animal studies has been reported to restore the D1 receptor function indicating that oxidative stress can lead to D1 receptor dysfunction (8, 27) . Another important regulator of sodium excretion is renal nitric oxide system. In animal models, the increase in blood pressure after salt loading is characterized by decrease in nitric oxide production (13, 35) . Salt loading is also associated with decreased levels of nitric oxide metabolites in salt-sensitive humans (16) . The mechanisms for this phenomenon are not known; however, Kitiyakara et al. (21) showed that high-salt intake increases generation of superoxide by enhancing the renal expression and activity of NAD(P)H oxidase with diminished renal expression of superoxide dismutase. The increased superoxide generation in renal cortex could cause bioinactivation of nitric oxide by its conversion to peroxynitrite.
Although defects in D1 receptor signaling or nitric oxide production pose an independent risk for salt-sensitive hypertension, the defect in these natriuretic hormones is not always associated with hypertension. As an example, animal models like Fisher 344 old rats and streptozotocin-induced diabetic rats have normal blood pressure despite the failure of renal D1 receptor to inhibit Na-K-ATPase and induce natriuresis (5, 27) . Similarly, high-salt diet does not always produce hypertension despite diminished nitric oxide production and signaling (14, 33, 34) . Interestingly, evidence to date indicates that in humans and animal models of hypertension, inheritable or salt induced, there is increased oxidative stress which coexists with defective D1 receptor function and impaired nitric oxide production or signaling (7, 9, 17, 37) . It is reported that antioxidant supplementation lowers oxidative stress, blood pressure, and restores nitric oxide signaling and D1 receptor function (7, 9, 17, 26, 37) . Collectively, these observations suggest that dysfunction of both renal nitric oxide and dopamine systems presumably contributes to salt-sensitive hypertension. Previously, we and others showed that oxidative stress reduces D1 receptor function and high-salt loading leads to suppression of renal nitric oxide synthases in Sprague-Dawley rats (27, 29) . Therefore, we hypothesized that in Sprague-Dawley rats increased salt intake causes decrease in nitric oxide levels accompanied by L-buthionine sulfoximine (BSO)-induced oxidative stress and D1 receptor inhibition most likely results in decreased sodium excretion and hypertension. To test this hypothesis, different groups of animals were given tap water supplemented with BSO, NaCl, and BSO plus NaCl with and without antioxidant tempol for 10 days. Oxidative markers, nitric oxide production, D1 receptor function, and blood pressure were studied at the end of each treatment.
METHODS
Animal treatment. Male Sprague-Dawley rats (200 -250 g) were obtained from Harlan (Indianapolis, IN). The animals were divided into the following experimental groups: V, rats were provided with tap water; NaCl, rats were provided with 1% NaCl; BSO, rats were provided with 30 mM BSO (a prooxidant); and BSO plus NaCl, rats were treated with 30 mM BSO plus 1% NaCl. NaCl plus BSO-treated rats were also provided with 1 mM tempol (an antioxidant). All the rats had free access to tap water or water supplemented with BSO/ NaCl/tempol for 10 days. The experiments were approved by Institutional Animal Care and Use Committee.
Blood pressure was measured as published earlier (27) . Briefly, rats were anesthetized with Inactin (100 mg/kg ip) and tracheotomy was performed to facilitate breathing. To measure blood pressure and heart rate, the left carotid artery was catheterized with PE-50 tubing, connected to a Statham P23AC pressure transducer, and blood pressure and heart rate were recorded on a Grass polygraph (model 7D, Grass Instrument, Quincy, MA). Urinary sodium excretion was measured as detailed earlier (27) . Urinary nitric oxide levels (nitrate/ nitrite) were determined by a colorimetric method using commercially available kit (R&D Systems, Minneapolis, MN) and asymmetric dimethylarginine levels were assayed by ELISA (Diagnostika, GMBH, Germany). Dopamine was measured by high-performance liquid chromatography equipped with a C 18 reverse-phase 3 M Luna column. Malondialdehyde was determined in renal proximal tubular homogenates. Tubular homogenate (1-1.5 mg protein) was incubated with thiobarbituric acid and trichloroacetic acid solution for 15 min in boiling water bath. The color was extracted with butanol and read at 535 nM (27) . 8-Isoprostane was measured by RIA kit (516351; Cayman, Ann Arbor, MI). Protein kinase C activity was determined by a commercially available protein kinase C assay kit (Promega, Madison, WI) as detailed in our previous study (8) .
Preparation of renal proximal tubular suspension. Renal proximal tubular suspension was prepared as described earlier (8, 27) . Briefly, rats were anesthetized with pentobarbital sodium (50 mg/kg ip) and after a midline incision, the aorta was cannulated below the kidneys and an in situ digestion was accomplished by perfusing an enzyme solution of collagenase and hyaluronidase. Enrichment of proximal tubules was carried out using 20% ficoll gradient in Krebs buffer. The band at ficoll interface was collected and washed by centrifugation at 250 g for 5 min. Protein was determined by bicinchoninic acid method (Pierce, Rockford, IL) using bovine serum albumin as a standard (8, 27) .
Na-K-ATPase assay. Na-K-ATPase activity was determined as reported earlier (8, 27) . Briefly, dopamine-induced Na-K-ATPase inhibition was determined in proximal tubular suspensions (1 mg protein/ml) incubated with or without 1 mM ouabain (Sigma) at 37°C for 15 min.
Immunoprecipitation of D1 receptor. Proximal tubules were homogenized in a buffer containing 10 mM Tris ⅐ HCl, pH 7.6, 250 mM sucrose, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor cocktail (Roche, Nutley, NJ) and centrifuged at 2,500 g for 10 min. The supernatant was centrifuged at 24,000 g for 20 min. The upper fluffy layer of the pellet was resuspended in the same buffer, homogenized in a Dounce Homogenizer (Wheaton, Millville, NJ), and centrifuged at 24,000 g for 20 min. The pellet was washed with buffer containing 100 mM KCl, 100 mM mannitol, and 5 mM HEPES, pH 7.2, and centrifuged at 34,000 g for 30 min. The membranes (pellet) were suspended in immunoprecipitation (IP) buffer containing (in mM) 140 NaCl, 3 KCl, 10 Na2HPO4, 2 KH2PO4, 1 orthovanadate, and 1 PMSF and 1% NP-40, 0.5% sodium cholate, 0.1% SDS, and protease inhibitor cocktail, pH 7.4. The membranes (1.5 mg protein/ ml) were incubated with 10 g of D1 receptor antibody (Chemicon) for 2 h. The D1 receptor-antibody complex was incubated overnight with protein A/G covalently bound to agarose beads (protein A/Gagarose). The D1 receptor-antibody-protein A/G complex settled down and washed with IP buffer and 50 mM Tris ⅐ HCl, pH 8.0. The D1A receptor-antibody-protein A/G complex was dissociated with 2ϫ Laemmeli buffer containing 125 mM Tris ⅐ HCl, 4% SDS, 5% ␤-mercaptoethanol, and 20% glycerol at 37°C for 1 h (22) . The samples (10 l) were resolved by SDS-PAGE electrophoresis, and the proteins were electrotransferred on a polyvinylidene difluoride membrane. The membrane was blocked with 4% bovine serum albumin in PBS with 0.1% Tween 20 and probed with phosphoserine antibody (Calbiochem, Gibson, NJ) and D1 receptor antibody to detect serine phosphorylation on D1 receptors and D1 receptor, respectively. Both antiphosphoserine and D1 receptor have been characterized previously for their antigenic specificity (3, 6) . Horseradish peroxidaseconjugated secondary antibody was used to probe the antibodies, and the bands were visualized with electrochemiluminescence using enhanced chemiluminescence reagent kit (Santa Cruz Biotechnology, Santa Cruz, CA). D1 receptor phosphorylation was normalized with D1 receptor protein.
Immunoblotting. Renal proximal tubular homogenates were used to immunoblot nitric oxide synthase 3 (50 g protein), GAPDH (10 g protein), and dimethylarginine dimethylaminohydrolase (60 g protein). Protein was solubilized in Laemmli buffer, separated by SDS-PAGE, and transferred to polyvinylidene difluoride. The membranes were blocked and incubated with antisera directed against nitric oxide synthase 3 (BD Biosciences, San Jose, CA), dimethylarginine dimethylaminohydrolase (BD Biosciences), and GAPDH (Calbiochem) in 0.1% Tris-buffered saline, followed by incubation with horseradish peroxidase-conjugated secondary antibodies. GAPDH was used as an internal control to normalize the nitric oxide synthase 3 and dimethylarginine dimethylaminohydrolase bands.
To ascertain the linearity of detection system, we used varying protein concentrations (1 to 10 g protein) to detect GAPDH band while keeping the antibody concentration constant. We also confirmed the specificity of immunoreactivity by preincubating the antibody with blocking peptide.
Statistical analysis. Differences between means were evaluated using the unpaired t-test or ANOVA with Newman-Keuls multiple comparison test, as appropriate; P Ͻ 0.05 was considered statistically significant.
RESULTS
NaCl (1%) intake increased urinary dopamine [in pmol/min, vehicle (V): 4.3 Ϯ 0.3; NaCl: 8.1 Ϯ 0.4, P Ͻ 0.05] and sodium excretion (in mol/min, V: 0.2 Ϯ 0.03; NaCl: 0.42 Ϯ 0.04, P Ͻ 0.05) and decreased urinary nitric oxide levels (nitrate/ nitrite; in nmol/min, V: 4.1 Ϯ 0.2; NaCl: 2.8 Ϯ 0.1, P Ͻ 0.05). NaCl did not affect urinary 8-isoprostane (in pg/mg creatine, V: 1.2 Ϯ 0.1; NaCl: 1.4 Ϯ 0.2), proximal tubular malondialdehyde, and blood pressure (Fig. 1, A and B) . BSO treatment caused oxidative stress as evidenced by increased urinary 8-isoprostane excretion (2.3 Ϯ 0.2, P Ͻ 0.05 vs. V or NaCl) and renal malondialdehyde (Fig. 1A) . BSO did not affect blood pressure (Fig. 1B) , urinary nitric oxide level (BSO: 3.8 Ϯ 0.3), dopamine level (BSO: 3.9 Ϯ 0.2), or sodium excretion (0.18 Ϯ 0.02). Compared with vehicle, rats cosupplemented with NaCl and BSO had lower urinary nitric oxide levels (2.5 Ϯ 0.2) and higher dopamine level (7.9 Ϯ 0.4) and sodium excretion (0.38 Ϯ 0.05). These rats also had increased 8-isoprostane (2.6 Ϯ 0.2) and malondialdehyde levels and exhibited high blood pressure (Fig. 1, A and B) . Supplementation of BSO plus NaCl-treated rats with antioxidant tempol normalized 8-isoprostane (1.5 Ϯ 0.3), malondialdehyde (110.3 Ϯ 7.2 pmol/mg protein), and blood pressure (106.3 Ϯ 5.8 mmHg). The body weight and food intake were similar in all experimental groups (data not shown).
Effect of NaCl and BSO on nitric oxide synthase 3 expression in renal proximal tubules. NaCl intake reduced nitric oxide levels and one possible mechanism for this could be a decrease in nitric oxide synthase protein expression. However, rats supplemented with NaCl showed significant increase in nitric oxide synthase 3 expression compared with vehicletreated rats (Fig. 2) . Nitric oxide synthase 3 protein expression was also higher in BSO and BSO plus NaCl-treated rats compared with vehicle ( Fig. 2A) .
As shown in Fig. 2B ,
Effect of NaCl and BSO on urinary asymmetric dimethylarginine. To further identify the mechanisms responsible for decreased nitric oxide production in NaCl-supplemented rats, we measured urinary asymmetric dimethylarninine, an endogenous inhibitor of nitric oxide synthase. Treatment of rats with BSO had no effect on urinary asymmetric dimethylarninine levels (Fig. 3) . However, NaCl per se or in combination with BSO significantly increased the asymmetric dimethylarginine content compared with vehicle (Fig. 3) .
Effect of NaCl and BSO on dimethylarginine dimethylaminohydrolase expression in renal proximal tubules. Dimethylarginine dimethylaminohydrolase hydrolyzes asymmetric dimethylarginine and thus helps to maintain normal nitric oxide level. In here, NaCl intake significantly reduced the protein expression of dimethylarginine dimethylaminohydrolase in renal proximal tubules (Fig. 4) . The expression of this enzyme was also low in BSO plus NaCl-treated rats (Fig. 4) . However, BSO alone had no effect on protein expression of dimethylarginine dimethylaminohydrolase (Fig. 4) .
Effect of NaCl and BSO on renal proximal tubular membrane D1 receptor serine phosphorylation. Treatment of rats with BSO increased proximal tubular membrane D1 receptor serine phosphorylation (Fig. 5) . Compared with vehicle, NaCl Fig. 3 . Urinary asymetric dimethylarginine levels in V-, 1% NaCl-, BSO-, and BSO ϩ NaCl-treated rats. Bars represent means Ϯ SE from 6 -8 experiments performed in triplicate. *P Ͻ 0.05 vs. V and $P Ͻ 0.05 vs. BSO, using 1-way ANOVA followed by post hoc Newman-Keuls multiple comparison test. Fig. 1 . Oxidative stress and blood pressure in vehicle (V)-, 1% NaCl (NaCl)-, L-buthionine sulfoximine (BSO)-, and BSO ϩ NaCl-treated rats. Renal proximal tubular malondialdehyde levels (A) and mean arterial pressure (B). Bars represent means Ϯ SE from 6 -8 animals. *P Ͻ 0.05 vs. V, #P Ͻ 0.05 vs. NaCl, and $P Ͻ 0.05 vs. BSO, using 1-way ANOVA followed by post hoc Newman-Keuls multiple comparison test. Fig. 2 . A: endothelial nitric oxide synthase 3 (NOS3) expression in renal proximal tubules from V-, 1% NaCl-, BSO-, and BSO ϩ NaCl-treated rats. Blots (NOS3 ϳ140 kDa and GAPDH ϳ45 kDa) shown are a single experiment, representative of 6 -8 individual experiments, and bars (NOS3/GAPDH) represent means Ϯ SE. Proximal tubular homogenate (50 g protein for NOS3 and 10 g protein for GAPDH) was used for immunobloting. *P Ͻ 0.05 vs. V, using 1-way ANOVA followed by post hoc Newman-Keuls multiple comparison test. B: GAPDH band intensity with varying protein concentrations. intake did not affect the D1 receptor phosphorylation (Fig. 5) . However, the membrane D1 receptor serine phosphorylation was significantly higher in BSO and BSO plus NaCl-treated rats compared with rats provided with vehicle or NaCl alone (Fig. 5) . The membrane D1 receptor protein expression was similar in all experimental groups (Fig. 5) .
Effect of NaCl and BSO on dopamine-induced Na-K-ATPase inhibition in renal proximal tubules. Supplementation of rats with NaCl caused a significant decrease in proximal tubular basal Na-K-ATPase activity (V: 11.3 Ϯ 0.3; NaCl: 6.6 Ϯ 0.2 mmol Pi ⅐mg protein Ϫ1 ⅐h Ϫ1 ). The decrease in basal activity was blunted in rats treated with NaCl plus BSO (10.3 Ϯ 0.2). BSO alone had no effect on basal Na-K-ATPase activity (10.5 Ϯ 0.4). Dopamine caused a concentration-dependent inhibition of Na-K-ATPase activity in proximal tubules from vehicle-and NaCl-treated rats, but failed to inhibit Na-KATPase activity in BSO and BSO plus NaCl rats (Fig. 6) .
Effect of NaCl and BSO on protein kinase C activity in renal proximal tubules. As shown in Fig. 7 , the basal protein kinase Fig. 4 . Dimethylarginine dimethylaminohydrolase expression in renal proximal tubules from V-, 1% NaCl-, BSO-, and BSO ϩ NaCl-treated rats. Blots (dimethylarginine dimethylaminohydrolase-DDAH ϳ38 kDa and GAPDH) shown are a single experiment, representative of 6 -8 individual experiments, and bars (DDAH/GAPDH) represent means Ϯ SE. Proximal tubular homogenate (60 g protein for DDAH and 10 g protein for GAPDH) was used for immunobloting. *P Ͻ 0.05 vs. V and $P Ͻ 0.05 vs. BSO, using 1-way ANOVA followed by post hoc Newman-Keuls multiple comparison test. Fig. 5 . Dopamine D1 receptor (D1R) phosphorylation in renal proximal tubular membranes from V-, 1% NaCl-, BSO-, and BSO ϩ NaCl-treated rats. Membrane D1 receptors were immunoprecipitated, followed by immunoblotting for D1 receptor protein (D1R ϳ52 kDa) and serine phosphorylation (D1R-phospho). Blots shown are a single experiment, representative of 6 -8 individual experiments, and bars (D1R-phospho/D1R protein) represent means Ϯ SE. *P Ͻ 0.05 vs. V and #P Ͻ 0.05 vs. NaCl, using 1-way ANOVA followed by post hoc Newman-Keuls multiple comparison test. ) in renal proximal tubular homogenates from V-, 1% NaCl-, BSO-, and BSO ϩ NaCl-treated rats. Bars represent means Ϯ SE from 6 -8 animals performed in triplicate. *P Ͻ 0.05 vs. V and #P Ͻ 0.05 vs. NaCl, using 1-way ANOVA followed by post hoc Newman-Keuls multiple comparison test.
C activity was significantly higher in BSO and BSO plus NaCl-treated rats compared with vehicle. NaCl alone had no effect on basal protein kinase C activity (Fig. 7) .
DISCUSSION
Our results show that concomitant inhibition of renal D1 receptor signaling and nitric oxide bioavailability increases blood pressure in Sprague-Dawley rats. The decrease in nitric oxide level alone or an inhibition of renal D1 receptor did not affect the blood pressure. We found that NaCl intake increased urinary dopamine level, reduced basal Na-K-ATPase activity, and evoked sodium natriuresis. However, NaCl intake reduced urinary nitric oxide level despite increased nitric oxide synthase 3 protein expression. NaCl also increased asymmetric dimethylarginine levels and reduced dimethylarginine dimethylaminohydrolase expression. BSO treatment caused oxidative stress, protein kinase C activation, D1 receptor hyperphosphorylation, and failure of dopamine to inhibit proximal tubular Na-K-ATPase activity. Rats cosupplemented with NaCl and BSO had impaired D1 receptor function and nitric oxide system and exhibited significant increase in blood pressure. Oxidative stress may also have contributed to high blood pressure in BSO plus NaCl rats as antioxidant tempol reduced oxidative stress and normalized blood pressure.
Under physiological conditions, nitric oxide promotes sodium excretion and nitric oxide-induced natriuresis and diuresis can occur in the absence of hemodynamic changes, indicating that nitric oxide directly inhibits Na and water absorption along the nephron (18, 25, 31, 32, 36) . In vitro studies showed that nitric oxide blunts sodium transport in isolated proximal tubules, cortical collecting ducts, inner medullary collecting ducts, and thick ascending limbs (23, 24, 32, 36) . Additionally, nitric oxide is reported to inhibit Na transport in several cultured renal cells (23, 24) . Impaired nitric oxide production in response to salt loading has been implicated in the pathogenesis of salt sensitivity (10, 12, 35) . In animal models of salt-sensitive hypertension, the increase in blood pressure after salt loading is characterized by reduced nitric oxide production (10, 12, 35) . Inhibition of nitric oxide synthesis in salt-resistant rats induces hypertension when the animals are exposed to a high intake of salt (10, 12, 35) . Together, these observations point to the role of defective nitric oxide response in salt-sensitive hypertension. However, decreased nitric oxide production in response to salt loading in non-salt-sensitive Sprague-Dawley rats did not lead to hypertension (14) . We found that in Sprague-Dawley rats, NaCl intake increased urinary dopamine level, decreased basal Na-K-ATPase activity, and caused marked natriuresis. Therefore, we reasoned that Sprague-Dawley rats remain normotensive during NaCl intake despite decreased urinary nitric oxide because of the functional renal D1 receptor signaling.
There are remarkable parallels in abnormal D1 receptor signaling in rodent hypertensive models and in human essential hypertension (2, 7, 19, 20) . In both, there is a failure of dopamine to activate D1 receptors and cause inhibition of Na/H exchanger and Na-K-ATPase activities in renal proximal tubules (2, 7, 19, 20) . Defect in D1 receptor is also implicated in salt-sensitive and obesity-associated hypertension (2, 7, 19, 20) . Although there exists a direct correlation between oxidative stress and D1 receptor dysfunction in hypertensive animal models, we found that old rats and rats treated with streptozotocin exhibited oxidative stress but remained normotensive despite an inhibition of renal D1 receptor function (4, 27) . In agreement with the later finding, the present data also show that BSO-induced oxidative stress failed to increase blood pressure despite D1 receptor inhibition. Although the mechanism for the absence of hypertension in BSO-treated rats is not clear, it is possible that the intact nitric oxide system in these animals may be compensating for inhibited D1 receptor function.
To further clarify these issues, we designed an animal model with inhibited renal D1 receptor function and nitric oxide system. It is well-recognized that in most hypertensive models the defect in D1 receptor function coexists with impaired nitric oxide signaling or production. Since both dopamine and nitric oxide are known to inhibit renal sodium transporters and increase sodium excretion, it is conceivable that simultaneous failure of both the pathways may be causing decreased sodium excretion and hypertension. Our results show that this is indeed the case in Sprague-Dawley rats treated with BSO plus NaCl as concomitant decrease in nitric oxide level and inhibition of D1 receptor function increased blood pressure. It is of interest that antioxidant treatment of BSO plus NaCl rats normalized the blood pressure, suggesting that oxidative stress could be another important contributing factor to salt sensitivity.
The observation that NaCl intake reduced renal nitric oxide production in Sprague-Dawley rats shows that these effects are not specific to genetically salt-sensitive hypertension, but could be observed in salt-resistant animal models as well. The exact mechanism responsible for high salt-induced decrease in urinary nitric oxide is not known. It is reported that high-salt intake increases renal superoxide production which could convert nitric oxide to peroxynitrite and thus reduce its bioavailability (21, 38) . However, in the present study, NaCl intake failed to increase the 8-isoprostane or malondialdehyde levels thus it does not support the idea that bioavailability of nitric oxide was reduced due to oxidative stress. We found that NaCl intake decreased dimethylarginine dimethylaminohydrolase expression which may have contributed to increased production of asymmetric dimethylarginine. The asymmetric dimethylarginine is an endogenous inhibitor of nitric oxide synthases and could be responsible for decreased nitric oxide level. It is worth noting that decrease in urinary nitric oxide cannot be attributed to reduced nitric oxide synthase expression as there was increased nitric oxide synthase 3 protein content in both NaCl-and BSO-treated rats. The increase in nitric oxide synthase 3 expression could be a compensatory mechanism to increased asymmetric dimethylarginine level in NaCltreated rats and increased free radical production in BSOtreated rats.
In present study, we observed that BSO caused inability of dopamine to inhibit renal Na-K-ATPase. Although the detailed mechanism was not studied, we found that BSO treatment increased basal protein kinase C activity and D1 receptor phosphorylation. Previous reports from our and other laboratories show that D1 receptor hyperphosphorylation via protein kinase C activation can lead to D1 receptor uncoupling from effector complex and failure to inhibit Na transporters (4, 8, 20) .
In conclusion, our studies provide substantial evidence that renal natriuretic factors play an important role in maintaining sodium homeostasis and blood pressure in conditions associated with high-salt intake. However, under situations in which both renal nitric oxide (high salt) and dopamine (oxidative stress) systems are compromised, animals develop hypertension.
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